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Introduction
Between 1992 and 2006, 23% "food poisoning" outbreaks in England and Wales were linked to prepared salad crops (Little and Gillespie 2008) , with lettuce being one of the salads most frequently associated with illness caused by food-borne pathogens (Warriner et al. 2003) .
Over a similar timeframe, Salmonella enterica was associated with 30% of such outbreaks in the USA (second only to E. coli) (Brandl 2006) . Despite recent implementation of assured production protocols, improvements in quality assurance testing, and the advent of statutory monitoring through non-governmental agencies (FSA, EFSA etc), which have reduced the incidence of food-poisoning outbreaks (Monaghan 2006) , incidents related to consumption of fresh produce still occur, indicating continuing issues with contamination by human pathogens.
Human pathogenic bacteria, including Salmonella can bind to the leaves of various salad crops including lettuce and can survive in the phyllosphere (the aerial part of plants) for periods in excess of 30 weeks (Islam et al. 2004; Stine et al. 2005) . Standard post-harvest decontamination procedures typically involve short immersion of salad crops in solutions containing approximately 20-200 μg/ml of active chlorine. These treatments reduce bacterial numbers but do not completely eliminate either the natural microbial population or human pathogens (Beuchat and Brackett 1990; Seo and Frank 1999; Lang et al. 2004) . This is a particular issue with "minimally processed" salad crops, which are normally eaten uncooked, as there is a limit to the stringency of decontamination that can be applied without ruining the saleability of the produce.
Previous work has identified the younger leaves of plants as being able to support higher levels of enteric human pathogens than older leaves (Brandl and Amundson 2008) , however, cultivar-specific variation in the level of contamination of lettuce has also been demonstrated for a number of food poisoning-associated Salmonella strains (Barak et al. 2008) and Salmonella enterica serovars have also been shown to differ in their ability to colonise lettuce plants (Klerks et al. 2007) suggesting both plant cultivar and pathogen serovar as potential sources of variation. In previous work, we have shown that the composition of the naturally occuring bacterial population which developed on field-grown lettuce differed significantly with cultivar, particularly in respect of the Enterobacteriaceae (the bacterial family to which Salmonella belongs) (Hunter et al. 2010) . This variation was found to be associated with plant morphotype (a composite of leaf and whole-plant morphological traits) and levels of soluble carbohydrate and phenolic compounds. In this work, we examined whether plant leaf age and / or cultivar had an effect on the ability of lettuce leaf tissue to support attachment of the same Salmonella isolate and if any such differences could be correlated with differences in leaf surface characteristics. Uhl and Mossberger (1999) . To measure water droplet contact angle (an estimator of surface hydrophobicity), leaf strips from the broadest portion of leaves from each physiological age from 5 replicate plants of each accession were cut and mounted onto microscope slides. Two strips were cut from each leaf, one mounted adaxial side uppermost; the other abaxial side uppermost and five 2µl droplets of sterile, ultra-pure water were place on the surface of the central portion of each leaf strip. Edge-on images of the droplets were captured for contact angle measurement. Leaf strips were only handled at the ends and the regions handled not used for subsequent testing. Values for both upper and lower leaf surfaces were acquired for all plant accessions, and the data for both surfaces combined.
Materials and Methodology

Plant accessions and experimental design
Stomatal density and cell perimeter density were estimated from SEM images Tissue was washed with 100mM sodium phosphate buffer, pH 7.3, fixed for 1hr in 250mM
glutaradehyde, then 1hr in 40mM OsO 4 , ethanol dried and sputter coated with Platinum Water-soluble leaf surface components (protein, sugars and phenolic compounds)
were extracted following a modification of the method of Mercier and Lindow (2000) . measurements were compared to a glucose standard curve. Soluble phenolic compounds were measured using a variation of the method of Zhang et al (2006) : 50µL of sample was diluted 1:10 with SDW and incubated for 5min at room temperature with 100µL Folin Ciocalteu reagent (Sigma-Aldrich Company Ltd, Dorset, UK). 2mL of 600mM Na 2 CO 3 , was then added and the supernatant cleared by centrifugation for 1min at 13,000rpm after 2hr incubation at room temperature. A 765 measurements of the supernatant were made against an SDW blank and compared to a gallic acid standard curve to estimate phenolic compound concentrations.
Leaf wax content was estimated by a modification of the process of Bakker et al,
from 5 replicate samples of each leaf age from each plant accession: For each replicate sample five detached leaves were sequentially extracted by gentle agitation for 15min at room temperature in the same 10mL volume of chloroform. The chloroform extracts were filtered into pre-weighed vials and evaporated to constant weight at room temperature to determine the weight of extracted wax.
Statistical analyses
The significances of differences in the various characteristics measured were tested by ANOVA. Comparisons were made both within and between leaf age categories.
Characteristics showing significant differences were tested for correlation with Salmonella levels using Spearman's rank correlation test. The significance of any identified correlations was then determined using a permutation test that allowed for tied ranks and differences in sample size
Results and Discussion
We investigated attachment of Salmonella Senftenberg to leaves of three lettuce accessions (Table 1) . This revealed that overall levels of attachment were significantly higher (P <0.0001) on older leaves than younger ones (Table 1) and that significant differences existed between accessions (P 0.0463). Post-hoc tests revealed no significant differences between Salmonella attachment to younger leaves. In older leaves, significantly greater attachment (P <0.05) to L. serriola US96UC23 than to the other two accessions was observed. While Brandl and Amundson (2008) , showed that Salmonella colonize younger plant leaves more heavily than older leaves, in this study, plants were tested at a much younger age (1-6 true leaves) than those in the previous work (10-12 true leaves and mature heads). Brandl and
Amundson also measured combined attachment and persistence/proliferation over 72 h at 38 o C, whilst the assay timeframe in this study (1h) is too short for bacterial proliferation to be a major factor, suggesting that different parameters may influence initial bacterial attachment and subsequent growth.
Significant differences were observed in all tested leaf characteristics between leaf ages (Table 1) higher levels of available nutrition in the younger leaves as a potential driver for the higher levels of colonization they noted. This study showed significantly increased concentrations of soluble leaf-surface sugars in young leaves of all cultivars compared to the older leaves but no significant correlation (P 0.070) with Salmonella attachment levels indicating that soluble sugar levels do not significantly influence Salmonella attachment. Sugar levels may, however, result in a more favourable environment for bacterial growth on the surface of younger leaves, which could become the determining factor in the overall colonization level over time.
A significant positive correlation was observed between Salmonella attachment and inter-vein distance. Significant negative correlations were also identified with water soluble protein concentration, water droplet contact angle (hydrophobicity) and stomatal density ( have been shown to play a role in S. Newport attachment to alfalfa sprouts (Barak et al. 2005) and Salmonella attachment to tomato leaves (Cevallos-Cevallos et al. 2012), whilst flagellae have been shown to be strongly involved in attachment of S. Senftenberg to a range of salad leaves (Berger et al. 2009 ).
Furthermore, expansion of the leaf surface as the leaves matured, resulting in reduced densities of these characteristics in older leaves (Van Volkenburgh 1999) may have contributed to the observed negative correlations. Although leaf expansion rates were not measured in this study, a similar level of reduction in the mean density of both veins and stomata (2-3 fold) between younger and older leaves was noted in all accessions.
The negative correlation between Salmonella attachments and protein levels suggested the presence of proteins on the leaf surface that either favoured growth of antagonistic micro-organisms or reduced either general bacterial adhesion or survival or that of Salmonella specifically. SEM of inoculated samples revealed no indication of non-target micro-organisms and the timescale of the experiment (1h) would have provided only limited opportunity for microbial growth and/or interaction, consequently microbial antagonism seems unlikely. Proteins and peptides with anti-microbial properties have been reported in leaf washes and guttation fluid from a number of species however (Young et al. 1995; Grunwald et al. 2003; Shepherd et al. 2005) . The deposition of such peptides on the leaf surface is likely to be influenced by localized water distribution and flow and could result in channelling of leaf surface water along the areas of lower hydrophobicity e.g. vein structures (Leben C. 1988 ) conceivably leading to increased localised concentrations of antimicrobial peptides in these regions potentially contributing to the observed negative correlation of Salmonella attachment with vein density.
Leaf wax levels have been shown to directly influence adherence of microorganisms to leaf surfaces (Beatie 2002) . A negative correlation (P 0.027) was observed between Salmonella levels and hydrophobicity. There was, however, no significant correlation between overall levels of surface wax and hydrophobicity (P 0.479) as might be expected, suggesting that total wax content was not the factor determining the hydrophobicity of the leaf surface.
Successional differences in epicuticular leaf wax composition during leaf development have been shown in cherry laurel (Prunus laurocerasus) (Jetter and Schäffer 2001) . These changes, detectable in leaves as young as 10 days old, could potentially result in different levels of surface hydrophobicity without significant impact on total epicuticular wax levels. Leaf surface SEM images of L. serriola and the two L. sativa cultivars appeared to show physically different wax micro-structures (Fig 2) . Although certain wax components have been associated with specific wax crystalloid micro-structures (Barthlott et al. 1998) , the observed differences did not correspond with Salmonella attachment from older leaves:
Counts were significantly higher from cv. Saladin (L.sativa) than from cv. Iceberg, whilst counts from cv. Iceberg and L. serriola (showing different wax morphology) were not significantly different. Differences in wax composition between closely related species such as Thellungiella halophila and T. Parvula have been reported (Teusnik et al. 2002) , which did not result in any observable differences in leaf waxiness however: It is possible that such differences could result in leaf surface environments with different hydrophobicity.
Furthermore, the epicuticular wax layer of leaves erodes over time (Beatie 2002 ). Such erosion could produce different micro-environments on the leaf surface and eroded surfaces may also provide additional physical niches for bacterial attachment.
In summary, different factors appear to influence attachment of Salmonella to lettuce leaves and subsequent proliferation, although some factors (e.g. venation) may be common to both phases of colonization. There may also be considerable serovar-specific differences in attachment mechanisms and it may not be possible to generalise from one serovar to others.
In respect of Salmonella Senftenberg and lettuce leaves, the hydrophobic properties of the epicuticular wax layer appears to be significant, although wax layer composition or the level of wax erosion (or a combination of both) may be more important than the total amount of wax on the leaf surface.
All of these features will have some level of underlying genetic control. 
